Despite~50 Myr of continuous continent-continent collision, contractional structures in the Himalayan-Tibetan orogen are today limited to the northern and southern margins of the system, while extension dominates much of the interior. On the Tibetan Plateau, Cenozoic E-W extension has been accommodated by strike-slip faults and extensional grabens, while N-S extension at the Tibet-to-Himalaya transition has been accommodated by the South Tibetan fault system (STFS). The genetic relationship between N-S and E-W extension is disputed, although age constraints indicate temporal overlap of at least 7 Myr. In NW Bhutan the two intersect where the STFS basal detachment is cut by the Yadong cross structure (YCS), an extensional half graben that provides a rare opportunity to constrain relative timings. We report U-Pb zircon dates from four STFS footwall leucogranites consistent with episodic magmatism during the middle-late Miocene and in situ U(-Th)-Pb monazite and xenotime dates from three metasedimentary rocks ranging from late Oligocene to middle Miocene. We suggest that amphibolite facies footwall metamorphism was ongoing at the time the basal STFS detachment initiated as a ductile structure in the middle-late Miocene. Late-stage granitic intrusions may reflect footwall melting during extensional exhumation along the STFS, but post-metamorphic and post-intrusion fabrics suggest that most displacement occurred after emplacement of the youngest granites. Some of the oldest YCS-related fabrics are found in a deformed 14 Ma leucogranite, implying middle Miocene ductile deformation. This observation, along with evidence for subsequent brittle YCS deformation, suggests that N-S and E-W extensional structures in the area had protracted and overlapping deformation histories.
Introduction
The Himalayan-Tibetan orogen is generally regarded as the type example of a collisional mountain belt, with circa 50 Ma of continuous contraction creating a region of unusually thick lithosphere (60-75 km) [Hauck et al., 1998; Nelson et al., 1996; Tseng et al., 2009] . Today, however, upper crustal contractional structures are limited primarily to the northern and southern margins of the system (Figure 1 ; see caption for references), while the Tibetan Plateau is dominated by strike-slip and high-angle normal faults, typically expressed as orogen-perpendicular, N-S trending extensional grabens [Armijo et al., 1986; Molnar and Tapponnier, 1975; Taylor and Yin, 2009] . At the southern margin of the plateau, the boundary with the contractional Himalaya is roughly coincident with a family of orogen-parallel, gently north dipping extensional structures known as the South Tibetan fault system (STFS) . While these structures are not active today, similar detachments of Plio-Pleistocene age have been mapped near the modern physiographic southern margin of the Tibetan Plateau McDermott et al., 2013 McDermott et al., , 2015 Meyer et al., 2006; Wiesmayr et al., 2002] .
Counter thrust system in southern Tibet [Webb et al., 2013 [Webb et al., , 2007 Yin, 2006; Yin et al., 1994 Yin et al., , 1999 . However, minimum constraints on STFS displacement of 65-170 km [Cooper et al., 2013 [Cooper et al., , 2012 Law et al., 2011] are inconsistent with the limited displacement expected on such back thrusts.
The cause of E-W extension on the Tibetan Plateau is also disputed and a variety of proposed models include radial thrusting [e.g., Armijo et al., 1986; Molnar and Lyon-Caen, 1989; Seeber and Armbruster, 1984] , oroclinal bending [e.g., Kapp and Yin, 2001; Ratschbacher et al., 1994; Robinson et al., 2007] , oblique convergence [e.g., McCaffrey, 1996; McCaffrey and Nabelek, 1998 ], convective removal of the mantle lithosphere [England and Houseman, 1989] , and lateral extrusion of the crust away from the locus of collision [Hintersberger et al., 2010; Mitsuishi et al., 2012; Molnar and Tapponnier, 1978; Molnar and Chen, 1983; Royden and Burchfiel, 1987; Tapponnier et al., 1982; Whipp et al., 2014] .
Despite the evident importance of both E-W and N-S extension across the Himalayan-Tibetan orogen, the genetic relationship between the two is poorly understood. Age constraints along the~2000 km length of the STFS suggest that the main phase of activity lasted from circa 23 to 11 Ma, with faulting initiating first in the west and migrating progressively to the east (Figure 1) . The best constraints on the latest motion along the STFS come from the ages of deformed granitic intrusions in the STFS footwall (e.g., 13 Ma in northern Sikkim, India [Kellett et al., 2013] , 12.5 Ma in the Khula Kangri region, SE Tibet [Edwards and Harrison, 1997; Wu et al., 1998] , and 11 Ma in the Masang Kang area of Bhutan [Kellett et al., 2009] ). Mitsuishi et al. [2012] with the kind permission of the authors. Fault systems follow Hodges [2000] , Blisniuk et al. [2001] , Taylor et al. [2003] , Taylor and Yin [2009] , and Long et al. [2011] : STFS = South Tibetan fault system, MFTS = Main Frontal thrust system, KF = Karakoram Fault, WL = Wagye La, YGR = Yadong-Gulu rift, YCS = Yadong cross structure. Triangles denote sites of identified E-W and N-S extension and time of initiation derived from either dike emplacement or fault motion. Dike emplacement: Daggyai Co, Pabbai Zong, and Xigaze, [Williams et al., 2001] . E-W extension on the Tibetan Plateau: Leo Pargil [Hintersberger et al., 2010; Thiede et al., 2006] , Gurla Mandhata [Murphy et al., 2002] , Thakkhola [Coleman and Hodges, 1995] , Tangra Yumco [Dewane et al., 2006] , Ama Drime [Cottle et al., 2009; Kali et al., 2010] , Xainza [Hager et al., 2009] , Shuang Hu [Blisniuk et al., 2001] , Yadong [Edwards and Harrison, 1997] , Nyainqentanglha [Harrison et al., 1995a] , Gulu [Stockli et al., 2002] , and Kung Co [Mitsuishi et al., 2012] . N-S extension related to the STFS: Zanskar [Walker et al., 1999] , Sutlej [Vannay et al., 2004] , Shivling , Manaslu [Guillot et al., 1994] , Langtang [Searle et al., 1997] , Everest [Hodges et al., , 1988 Murphy and Harrison, 1999; Viskupic et al., 2005] , Dinggye [Zhang and Guo, 2007] , Sikkim [Kellett et al., 2013] , Masang Kang [Kellett et al., 2009] , and Khula Kangri [Edwards and Harrison, 1997 ].
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The main phase of E-W extension on the Tibetan Plateau is thought to have lasted from circa 19 Ma until circa 5 Ma and also shows a younging from west to east, mirroring N-S extension on the STFS (Figure 1 ). Detailed mapping of Quaternary and active faults [Armijo et al., 1986] and more recent observations of offset Quaternary deposits, such as along the Nyönno Ri fault in the Ama Drime Massif, central Himalaya [Jessup et al., 2008] , together with earthquake fault plane solutions [e.g., Andronicos et al., 2007; Molnar and Lyon-Caen, 1989 ] and GPS data [e.g., Gan et al., 2007; Zhang et al., 2004] across Tibet, indicate that E-W extension is ongoing.
Collectively, the data imply that N-S and E-W extension might have been contemporaneous for at least 8 Myr during the Miocene, and possibly even longer, suggesting that both may be interrelated responses to largescale geodynamics. However, despite the apparent overlap in time across the orogenic system, workers invariably presume that, in a single area, the E-W extensional structures are younger. Direct studies in places where N-S and E-W structures interact have yielded contradictory results, some suggesting that E-W extension is younger, some that the two are more or less coeval. For example, in the Kung Co area of southern Tibet, Mitsuishi et al. [2012] found that shallow E-W extension on brittle normal faults was coeval with deeper N-S directed ductile flow. On the other hand, in the Ama Drime massif and Gurla Mandhata core complex of the central Himalaya [Jessup et al., 2008; Murphy, 2007; Murphy and Copeland, 2005; Murphy et al., 2002] , and in the NW Indian Himalaya [Hintersberger et al., 2010] , younger E-W extensional structures cut and offset the STFS. In the Annapurna area of Nepal, Hurtado et al. [2001] identified Quaternary, N-S striking extensional structures that cut older strands of the STFS, but these were themselves truncated by younger, low-angle, top-north oblique-slip faults of similar orientation to the STFS. This implies that there may have been coeval motion of the two, although McDermott et al. [2015] suggested that these younger, E-W striking structures are actually younger features unrelated to the Miocene STFS.
Here we contribute to this discourse by reporting the results of a study in NW Bhutan where a NE-SW trending extensional half graben, the Yadong cross structure, cuts a basal detachment of the South Tibetan fault system.
Structural Setting
The Yadong cross structure (YCS) marks the southern extent of the Yadong-Gulu rift system, which extends circa 500 km northeast from the Bhutan-Tibet border as a series of active grabens and half grabens ( Figure 1 ) [Armijo et al., 1986; Ratschbacher et al., 2011; Wu et al., 1998; Wu et al., 2011] . Immediately to the southeast of the YCS is the Jomolhari region of NW Bhutan. Mapping of this area by Cooper et al. [2012] suggested that it contains one of the largest continuous exposures of the South Tibetan fault system in the Himalaya. In their study, ground-truthed multispectral satellite mapping indicated that the basal STFS detachment in the area has a minimum top-to-the-north displacement of 65 km, placing shallowly north dipping, recumbently folded, locally fossiliferous, marbles of the Tibetan sedimentary sequence on high-grade gneisses, quartzites, and calc-silicates of the Chekha Formation [Gansser, 1983; Jangpangi, 1974; Nautiyal et al., 1964; Tangri and Pande, 1995] and Greater Himalayan sequence [Bhargava, 1995; Davidson et al., 1997; Gansser, 1983; Grujic et al., 2002; Hollister and Grujic, 2006; Long and McQuarrie, 2010; Long et al., 2011; Swapp and Hollister, 1991] (Figure 2a ). This interpretation is at odds with other workers in the area who show a more continuous region of TSS units and have argued that the contact between the Chekha Formation and the Greater Himalayan sequence defines a second, structurally lower, strand of the STFS [e.g., Carosi et al., 2006; Grujic et al., 2002 Grujic et al., , 2011 Kellett et al., 2009; Long et al., 2011] (Figure 2b ). However, the similarity in lithology, structural style, and peak metamorphic temperature between these two units makes it difficult to conclude that they are separated by a fault with any significant displacement. Therefore, we follow the interpretation of Cooper et al. [2013] that together, they make up the STFS footwall.
Throughout this paper, our rationale and conclusions are placed within this context, following the geologic map in Figure 2a . However, we have also included our sample locations in the alternative geologic map in Figure 2b , so that readers can judge the data independently of the preferred geologic interpretation.
Variably deformed leucogranite sills and dikes interpreted to have formed by anatexis of the Greater Himalayan sequence [Harris and Massey, 1994; Le Fort et al., 1987] pervasively intrude the footwall Tectonics 10.1002/2014TC003712 sequence and a large tourmaline-bearing two-mica leucogranite, the Chung La pluton, lies approximately 20 km south of Mount Jomolhari (Figure 2a ). First described and mapped by Gansser [1983] and more recently described by Kellett et al. [2009] and Regis et al. [2014] , the full extent of this intrusion is unclear but covers an area of at least 50 km 2 . In Figure 2a , we have followed the original mapping by Gansser [1983] but reduced the N-S extent of the intrusion based on our own observations in the field.
The YCS is bound along its eastern margin by the Jomolhari fault system (JFS), a series of west dipping high-angle oblique-slip faults that cut and offset the youngest strands of the STFS. The Jomolhari-Jichu Drake range acts as a rigid horst block within this system, with JFS faulting expressed on its eastern side as a parallel series of high-angle east dipping oblique-slip faults. One of these structures, the Lingshi fault, was first mapped and described by Gansser [1983] as "a NE striking structure with a marked upthrow to the NW," and its precise position has been refined in subsequent studies from both field and satellite observations [e.g., Cooper et al., 2012; Grujic et al., 2011; Kellett and Grujic, 2012] . Cooper et al. [2012] documented a brittle-ductile shear zone of the Lingshi fault striking ENE and dipping 35°to the SSE with a ductile downdip lineation plunging 20°to the ESE, consistent with a top-east normal sense of displacement. Outcrops of the Chung La pluton exhibit a similar micaceous foliation, dipping 25-30°to the SSE, that strengthens progressively from south to north and upsection through the STFS footwall toward the detachment. We interpret this to be an originally STFS-related fabric that has been rotated by slip on the Lingshi fault.
As well as normal-sense displacement on the Lingshi fault, paleomagnetic vertical axis rotations in the Jomolhari region suggest that this structure has accommodated a component of sinistral strike-slip motion since approximately 13 Ma [Antolín et al., 2012] . More recent deformation, evidenced by focal mechanisms of historic earthquakes (e.g., a M 5.4 earthquake in 2003) point to it being active as a sinistral strike-slip fault today [Drukpa et al., 2006] . However, the downdip ductile fabric in the Lingshi shear zone and the significant vertical displacement of the Jomolhari-Jichu Drake range, together suggest that dip-slip motion has been a significant and long-lived part of its evolution. Cooper et al. [2012] , modified in the Mount Jomolhari (Jh)-Mount Jichu Drake (JD) range where the STFS is shown at a higher elevation than previously mapped. In this interpretation, the basal STFS detachment forms a continuous low-angle surface separating isolated erosional remnants of the TSS in its hanging wall from high-grade metamorphic rocks of the Chekha and GHS in its footwall. (b) Geologic map of the same region compiled from Long et al. [2011] and Grujic et al. [2011] and references therein. In this version, the STFS occurs as two distinct fault strands: a structurally higher, discrete brittle detachment (STDh) and a structurally lower, diffuse ductile shear zone (STDl) interposed by the Chekha Formation, a nonfossiliferous metamorphic unit intruded by leucogranite sills and dikes [Gansser, 1983; Grujic et al., 2002; Kellett et al., 2009; Kellett and Grujic, 2012] . Following the interpretation in Figure 2a , we treat all of our samples as belonging to the STFS footwall. However, we note that according to the mapping in Figure 2b , samples FB108, FB109, FB111, FB116, and FB117 all lie in the hanging wall to the STDl, though still in the footwall to the STDh.
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Together, these east and west dipping faults of the JFS create a horst structure along the eastern margin of the YCS that encompasses both Jomolhari and Jichu Drake. This horst block is dominated by STFS footwall rocks of the GHS and Chekha, as shown in previous mapping ( Figure 2b ), and highlighted by Regis et al. [2014] , but multispectral satellite data analyzed by Cooper et al. [2012] indicate that material shedding from the high peaks along the range contains calcareous lithologies with the same spectral signature as TSS units nearby. In Figure 2a , we place the STFS at a slightly higher elevation in the horst block than Cooper et al. [2012] , reflecting uplift relative to STFS outcrops to the SE, and follow the interpretation of Wu et al. [1998] that the STFS is downdropped to the west across the YCS, buried beneath infilling graben sediments on the Tibetan Plateau.
Geochronological Constraints on Extension
Previous geochronologic studies of the STFS footwall in the eastern Himalaya have placed useful constraints on the history of N-S extension there. Th-Pb and U-Pb dating of monazites in STFS-mylonitized granites of the Khula Kangri [Edwards and Harrison, 1997] and Wagye La [Wu et al., 1998 ] regions of southern Tibet (Figure 1 ) showed that the fault system remained active there until at least approximately 12.5-12 Ma. Across the YCS in Sikkim, India, Catlos et al. [2004] obtained Th-Pb zircon and monazite dates from a deformed footwall leucogranite of circa 17 and 15-14 Ma, suggesting continued fault motion until at least 14 Ma. A more recent geochronological study in the same area by Kellett et al. [2013] suggested an even more prolonged slip history from at least 23.6 Ma to~13 Ma. In NW Bhutan, U-Pb and 40 Ar/ 39 Ar dating of deformed STFS footwall leucogranites and U-Pb dating of metamorphic monazite in footwall metasediments paints a similar picture, with STFS activity lasting from circa 23 to 11 Ma [Kellett et al., 2009 [Kellett et al., , 2010 Warren et al., 2011] . Analyses of brittle fault surfaces and paleoseismology at the Tibet-to-Himalaya transition in Lunana, 100 km ENE of the Jomolhari region, suggest that brittle faulting on extensional structures might be ongoing [Meyer et al., 2006; Wiesmayr et al., 2002] .
Direct constraints on the timing of E-W extension across the YCS are more limited. Previous workers [e.g., Edwards and Harrison, 1997; Wu et al., 1998] have suggested that the YCS is entirely younger than the STFS. For example, in the map published by Wu et al. [1998] , the YCS cuts the STFS and is responsible for an apparent left-lateral separation of the STFS fault trace east and west of the YCS. If this interpretation is correct, constraints on the minimum age of activity of the STFS in this area would require that the southern YCS developed after around 11 Ma. This is consistent with the age of shear zones in the northern extension of the YCS (the Yadong Gulu rift; Figure 1 ), which suggest that rifting initiated after circa 11.5 Ma [Ratschbacher et al., 2011] and possibly as late as circa 8 Ma [Harrison et al., 1995a] . However, mapping by Cooper et al. [2012] cast doubt on the extent to which there is substantial sinistral offset of the STFS across the YCS; in fact, no lateral offset is required based on their mapping. This is consistent with Wu et al. [1998] , who interpreted the apparent offset to result from differential vertical displacement of the STFS above a lateral ramp in the Main Himalayan Thrust.
Our approach to constraining the relative timing of slip on YCS and STFS structures in this region focused on the clear interaction between the Lingshi fault and the basal STFS detachment in NW Bhutan. Specifically, our objective was to use U-Pb geochronology to date samples from the Paro Chu valley ( Figure 2 ) that constrain cross-cutting relationships between the Lingshi fault and strands of the STFS.
Leucogranite Samples
In the Jomolhari area, leucogranites in the STFS footwall do not extend into the hanging wall above, implying that they have been truncated by the detachment and therefore that the STFS was active after emplacement. Our U-Pb work on leucogranites was thus motivated by the desire to establish a maximum age for this brittle STFS deformation. In addition, as noted by Kellett et al. [2010] , ductile fabrics associated with the earliest stages of STFS deformation are commonly found in the leucogranites of Bhutan at high structural levels, and thus, the magmatic ages of these granites also help to constrain the early slip history of the detachment system.
We collected four leucogranite samples for U-Pb zircon geochronology: two samples from the Chung La pluton, one from a deformed dike that crosscuts and postdates host calc-silicate rocks, and one from a boudin in the Lingshi fault zone (Figures 2 and 3 ). Microstructural examination of each sample reveals Tectonics 10.1002/2014TC003712 varying levels of deformation. Chung La pluton samples FB108 and FB109 exhibit a relatively undeformed igneous texture with a weak foliation dipping~25°to the SSE defined by laths of muscovite and occasionally biotite, while large feldspar, muscovite, quartz, and tourmaline crystals show little to no internal deformation ( Figure 3a ). Sample FB117, collected from a deformed footwall dike, is a tourmalinebearing, mica-poor granite that exhibits undulose extinction and recrystallization of quartz, fracturing of (Figure 3b ). All three samples contain minor amounts of fibrolitic sillimanite, sometimes aligned with the foliation, but often present as small sillimanite sprays with no preferred orientation.
Sample FB116, collected from a ductilely deformed boudin in the Lingshi fault zone (Figures 3c and 3d ), is the most strongly deformed. Much of the original igneous texture and mineralogy has been replaced by fibrous sprays of sillimanite, which dominate the mineralogy and indicate a high-temperature, postemplacement metamorphic overprint (Figure 3e ). Most of the sillimanite is not aligned, although in places a preferred orientation is observed. However, because the sample was not orientated during sampling, it is not possible to determine precisely what this alignment is related to. Kellett et al. [2009] described sillimanite in comparable Bhutan leucogranites as retrograde and suggested that it grew in a subsolidus environment at temperatures above 550°C. This implies that postpeak, but still high-grade metamorphism was ongoing during movement on the Lingshi fault. 3.1.1. U-Pb Zircon Analyses U-Pb zircon analyses were performed at the Natural Environment Research Council Isotope Geosciences Laboratory (NIGL) in Keyworth, UK. Individual zircons separated from leucogranite samples FB108, FB109, FB116, and FB117 were mounted in epoxy resin and outer grain surfaces analyzed to a depth of~1-2 μm prior to polishing ( Figure 4 ). U-Pb measurements were made on a Nu Instruments "Nu Plasma" highresolution multicollector, inductively coupled plasma mass spectrometer (MC-ICP-MS) connected to a New Wave Research UP193ss laser ablation system. Helium was used as a carrier gas and mixed with argon via a y-piece prior to the plasma torch. Analyses were conducted with simultaneous aspiration of a Tl-U solution to monitor mass bias and instrument drift. Normalization for 207 Pb and 238 U-206 Pb ratios used a standard-sample bracketing technique with primary reference material Plešovice (337.13 ± 0.37 Ma, ID-TIMS) [Sláma et al., 2008] and secondary reference material 91500 (1063.6 ± 1.4 Ma, ID-TIMS) [Schoene et al., 2006] . The uncertainty on individual ratios is typically 2-3% (2σ).
The epoxy mounts were then polished down to reveal grain interiors, which were imaged in cathodoluminescence (CL) prior to analysis (Figure 4 ). U-Pb analyses of the polished grains were normalized to GJ-1 (599.8 ± 1.8 Ma, ID-TIMS) [Jackson et al., 2004] as the primary reference material and Plešovice as the secondary. The full analytical methodology follows Palin et al. [2013] and is outlined in Table S1 in the supporting information. Data reduction was undertaken using in-house spreadsheets at NIGL, and data were plotted using Isoplot version 3.7 [Ludwig, 2003] . Results are provided in Table 1 and  supporting information Table S2 . All dates are quoted at the 2σ confidence level unless stated otherwise.
Results and Interpretation
Due to the small grain sizes of the analyzed zircons and relative youth of the samples, Pb signals were small, creating relatively large uncertainties on the U-Pb dates. Representative images of analyzed zircons for each sample are given in Figure 4 and concordia plots in Figure 5 . Spot analyses of the unpolished outer surfaces of zircons from Chung La pluton samples FB108 and FB109 give a weighted mean, common-Pb corrected 238 U/ 206 Pb crystallization date of 21.06 ± 0.27 Ma. Analyses of polished grain interiors reveal inherited low-U Paleozoic cores that appear bright in CL, and dark, high-U igneous rims with a weighted mean crystallization date of 21.70 ± 0.37 Ma, comparable with the outer surface analyses. Results are similar for sample FB117, with grain exteriors giving a weighted mean date of 20.45 ± 0.80 Ma, within error of the Chung La pluton. Zircon interiors show a similar zonation pattern, with Proterozoic to Paleozoic cores surrounded by Miocene rims providing a weighted mean date of 21.80 ± 1.50 Ma.
Together, external rim analyses from the three footwall samples constrain the timing of granite emplacement to circa 21 Ma. This is, broadly consistent with other early Miocene leucogranite ages reported in Bhutan [e.g., Kellett et al., 2009 Kellett et al., , 2013 [1999] ). However, it is considerably older than the nearby circa 12.5 Ma Khula Kangri granite in southern Tibet [Edwards and Harrison, 1997 ] and the youngest zircon rim age for a deformed STFS footwall dike in the Masang Kang area [Kellett et al., 2009] .
Rim dates from multiple zircons in sample FB116, the deformed leucogranite collected within the Lingshi fault zone, suggest a more complicated crystallization history (Figures 5g and 5h ). Twenty-one analyses of Tectonics 10.1002/2014TC003712 unpolished grain surfaces give a significant spread of dates along concordia from 23.00 ± 0.74 Ma to 13.84 ± 0.48 Ma. Five analyses of polished interiors give a slightly more coherent picture, with four analyses yielding a weighted mean date of 22.30 ± 1.80 Ma and one analysis giving a date of 15.61 ± 0.58 Ma. CL images of these polished interiors reveal a distinct textural difference between the two age groupings. Zircons with the older rims contain bright, inherited, Paleozoic cores. Zircons with younger rims have Miocene age cores with a mottled appearance, surrounded by dark, younger rims (Figures 4k and 4l ). Similarly prolonged accessory phase growth was documented in NW Bhutan by Kellett et al. [2009] and has also been observed in other Himalayan leucogranites (e.g., Lederer et al. [2013] : Leo Pargil dome, India; Viskupic et al. [2005] : Everest region, Nepal). Viskupic et al. [2005] interpreted this age spread to reflect incremental melting and crystallization of the granite in the source region prior to mobilization and migration of melts containing a mixture of accessory minerals of different ages that record the history of anatexis. Following this interpretation, we take the youngest date in sample FB116 of circa 14 Ma to represent the time of leucogranite emplacement and interpret the older dates as inherited earlier phases of melting and crystallization.
Metasedimentary Samples
Three STFS footwall metasedimentary samples were collected in outcrop along the Paro Chu valley, both within and away from the Lingshi fault zone (Figure 2) . Locations correspond closely with previous sampling by Kellett et al. [2010] and Regis et al. [2014] , and our microstructural and mineralogical observations closely agree with both studies. FB111, located on the eastern downthrown block along the trace of the Lingshi fault, is a medium-grained, garnet-bearing mica schist dominated by quartz, plagioclase, and biotite, with minor muscovite and sillimanite (Figure 3f ). The primary foliation, carried by laths of biotite, lies parallel to the fault zone, dipping 35°to the SSE. Skeletal garnet porphyroblasts, heavily altered to chlorite, suggest retrogression, possibly due to prolonged tectonic activity and fluid flow in the vicinity of the fault zone. Fibrolitic sillimanite aligned with the foliation implies that the Lingshi fault experienced ductile deformation during high-temperature metamorphism.
BT2608, collected~5 km SE of the Lingshi fault trace, is a garnet-bearing pelitic gneiss defined by alternating bands dominated either by biotite or by quartz and plagioclase along with minor muscovite and K-feldspar ( Figure 3g ). Fibrolitic sillimanite needles are also prevalent and lie parallel to the main, gently north dipping, foliation. Garnet porphyroblasts have largely broken down to biotite and, in places, sillimanite, which we interpret as the result of interaction with anatectic melt and associated fluids (garnet + K-feldspar + melt + H 2 O → biotite + sillimanite + quartz) [e.g., Searle et al., 1999] . The garnets preserve inclusion trails of quartz and biotite at a high angle to the main foliation that indicate the presence of an earlier deformation fabric. BT4108, collected approximately 15 km SE of the Lingshi fault trace, also has a north dipping foliation (Figure 2a ). It is a coarse-grained quartzrich, garnet-bearing pelitic gneiss with minor biotite and K-feldspar, and no visible muscovite or plagioclase. Large millimeter-scale garnets are heavily fractured and often rimmed by retrogressive biotite and sillimanite (Figure 3h ). Quartz and biotite inclusion trails preserve an earlier deformation fabric similar to BT2608. Sprays of sillimanite are prevalent across the sample, most aligned with the primary foliation, and others with no preferred orientation.
U-Pb Monazite and Xenotime Analyses
Accessory phases in samples FB111, BT2608, and BT4108 were located in polished thin sections using a JEOL JXA-8200 electron microprobe at the University of California, Los Angeles, and analyzed at NIGL in situ to preserve their microtextural context (analyses of individual grains are given in Figure 6 and grains shown in microstructural context are provided in supporting information Figures S1-S3 ).
Metamorphic monazite and xenotime grains in sample FB111 are exclusively found in the matrix within quartz, plagioclase, and biotite. They are small, typically 30-40 μm in diameter, subhedral, and exhibit no obvious internal zonation in BSE images (Figure 6a ). Monazites in sample BT2608 are slightly larger, ranging in size from approximately 30-80 μm in diameter (Figure 6b ). Some of the larger grains exhibit internal zoning in BSE that corresponds to variations in the concentration of U, Th, and Y (e.g., monazite 6; U, Th, and Y maps provided in supporting information Figure S2 ). Sample BT4108 contains much larger monazites, some of which are highly irregular in shape, and all of which are zoned in BSE (Figure 6c ). All grains are located in the matrix apart from monazite 4, which is included in the core of the garnet porphyroblast shown in Figure 3h (see also supporting information Figure S3 ).
U-Pb measurements for samples FB111 and BT2608 were made on the Nu Instruments Plasma MC-ICP-MS (Table 2) , whereas sample BT4108 was analyzed on a Nu Instruments Attom high-resolution singlecollector ICP-MS (SC-ICP-MS) ( Table 3) . U-Pb (and Th-Pb on the Attom) monazite data were normalized to primary reference materials Moacyr (515.6 ± 1.4 Ma, ID-TIMS) or Stern (512.1 ± 1.9 Ma, ID-TIMS), while secondary reference material Manangotry (559 ± 1 Ma, ID-TIMS) was analyzed to monitor accuracy and precision. ID-TIMS dates are from Palin et al. [2013] . U-Pb xenotime data were normalized to an in-house primary xenotime reference material, FC-1 (55.6 ± 1.3 Ma, in-house ID-TIMS). Dates of inferred monazite and xenotime growth are derived from U-Pb measurements only since correlative Th-Pb results were only obtained for sample BT4108 on the Nu Attom ( Figure 6 ). Lower intercepts in Tera-Wasserburg concordia Figure 6 . (a-c) BSE images of analyzed monazite and xenotime grains from samples FB111, BT2608, and BT4108. Individual analysis spots are shown with their corresponding U-Pb ages (2σ confidence level). In FB111 and BT2608, all grains were situated in the matrix within grains of quartz, plagioclase, or biotite. In BT4108, all grains were in the matrix except monazite 4, which was included in the garnet porphyroblast shown in Figure 3h . Pb/ 206 Pb ratio) are plotted against equivalent U-Pb dates. The data fall on the line of concordia, indicating that excess 206 Pb is not an issue once corrected for, thus providing confidence in the use of U-Pb rather than Th-Pb dates.
Results and Interpretation
In all three samples, grains large enough for multiple spot analyses show a range in 238 U-206 Pb dates ( Figure 6 ), probably due to internal U, Th, or Y zonation reflecting a prolonged metamorphic evolution. This is not uncommon and has been observed in numerous studies of metamorphic monazite growth [e.g., Foster et al., 2002; Gibson et al., 2004; Kelly et al., 2012; Regis et al., 2014] .
In sample FB111, monazite and xenotime crystals were small and largely unzoned in BSE, and dates within single grains overlap at the 2σ level, making data interpretation relatively straightforward. Individual monazites yield a range of U-Pb dates from 18.33 ± 0.73 Ma to 15.41 ± 0.86 Ma, and xenotimes give a slightly younger range from 15.59 ± 1.16 Ma to 13.99 ± 0.59 Ma (Figure 6d ). In sample BT2608, zonation is visible in some of the BSE images and intracrystalline variability in U-Pb dates is much greater. High-resolution element mapping of monazite 6 allowed us to directly compare this variation with chemical zonation but did not reveal a clear relationship between the two (see supporting information Figure S2 ). Instead, monazites in the sample exhibit a complex growth, recrystallization and reprecipitation history lasting from 25.47 ± 0.87 Ma to 16.02 ± 0.54 Ma (Figure 6e ). This is consistent with results from FB111 as well as previously published work in the area [Kellett et al., 2010; Regis et al., 2014] and GHS rocks farther south, close to the Main Central Thrust [Tobgay et al., 2012] .
Sample BT4108 contained much larger grains with stronger internal zonation, yielding apparent age variation within some of the grains, but not all. Four analyses of monazite 4, situated within a garnet porphyroblast, gave a common-Pb corrected weighted mean date of 19.68 ± 0.28 Ma, within error of the other monazites from the same sample. The garnet is heavily cracked, and it is likely that this date reflects chemical reequilibration with the surrounding matrix. Overall, U-Pb dates suggest monazite growth from 22.77 ± 0.55 Ma to 16.74 ± 0.48 Ma, although the majority of growth occurred between circa 21-20.5 Ma (Figure 6f ), in close agreement with the timing of major leucogranite emplacement at circa 21 Ma.
Our data suggest that prograde metamorphic monazite growth in the STFS footwall was ongoing between 25 and 20.5 Ma. According to Regis et al. [2014] , prograde metamorphic monazite growth in this region began as early as 36 Ma. In sample BT2608, the bulk of the monazite growth occurred before circa 20.5 Ma, while in sample BT4108, the majority of growth occurred between 21 and 20.5 Ma. These dates are consistent with the timing of major granite emplacement in the region at 21 Ma and suggest that peak metamorphism and anatexis occurred at this time.
A minimum constraint on prograde metamorphism is more difficult to achieve. However, due to the close temporal relationship between leucogranite zircon crystallization and metamorphic monazite and xenotime growth, we suggest that the youngest monazite and xenotime growth probably resulted from fluid-assisted recrystallization. The fluids could have derived from the nearby magmatic intrusions, devolatization during retrogressive metamorphism, or from pathways generated by crustal fractures [Gordon et al., 2009; Kellett et al., 2010 Kellett et al., , 2012 Palin et al., 2013] . The younger monazite and xenotime growth in sample FB111, for example, is probably related to its proximity to the more prolonged tectonic and magmatic activity associated with the Lingshi fault zone.
Implications for the Timing of Extension in Northwest Bhutan
Our geochronologic data, combined with previous studies in Bhutan [e.g., Chambers et al., 2011; Corrie et al., 2012; Kellett et al., 2010; Regis et al., 2014; Tobgay et al., 2012] , suggest that prograde monazite growth in the STFS footwall occurred during amphibolite facies metamorphism from circa 36-20.5 Ma. Following interpretations by previous Himalayan workers [e.g., Catlos et al., 2004; Groppo et al., 2012; Harrison et al., 1999; Hodges et al., 1992; Kellett et al., 2010; Regis et al., 2014] , we correlate this prograde metamorphism with synchronous major contractional deformation along the Himalaya. We interpret subsequent monazite and xenotime growth from circa 20.5-14 Ma as retrogressive and a consequence of extensional exhumation related to the South Tibetan fault system. We note that the similar metamorphic histories exhibited by all three metasedimentary samples, whether from the Greater Himalayan sequence or the Chekha Formation (Figure 2b) , support our interpretation that both units lie in the footwall of the principal STFS detachment and were unroofed at the same time in the early to middle Miocene.
Early phases of anatexis and leucogranite intrusion at circa 21 Ma are broadly coeval with this transition from prograde to retrograde metamorphism at 20.5-21 Ma, and we follow the long tradition of interpreting slip on the STFS as enhancing the production and upward migration of anatectic melts in the GHS [Harris and Massey, 1994] . Detailed studies of migmatites in the Everest region of eastern Nepal [Groppo et al., 2012 [Groppo et al., , 2010 , in far-eastern Nepal [Imayama et al., 2012] , and in Sikkim, India [Rubatto et al., 2013] , suggested that early melting of the GHS at deeper structural levels could be related to prograde metamorphism and that the migration of these melts to higher structural levels beneath the STFS was probably enhanced by decompression related to STFS slip. Following this model for the Jomolhari leucogranites, we infer that generation of the oldest melts at circa 21 Ma was coeval with earliest movement on the STFS.
The STFS-driven decompression process is evidenced in NW Bhutan pelitic samples by the transition from early kyanite-stable conditions to later sillimanite-stable conditions. Monazite inclusions in kyanite from these rocks Tectonics 10.1002/2014TC003712 demonstrate that the kyanite-to-sillimanite transition occurred sometime after circa 20.5 Ma [Kellett et al., 2010] , an observation consistent with our interpretation of decompression by tectonic exhumation of the STFS footwall beginning at circa 21 Ma. The presence of sillimanite in many metapelitic and leucogranite samples collected from this area-including the late, 14 Ma leucogranite involved in ductile Lingshi fault deformation -indicates high-grade metamorphism of the STFS footwall continued until at least 14 Ma.
Based on our geochronologic data alone, it is not possible to place a minimum constraint on STFS slip. However, all three metamorphic samples contain sillimanite lying parallel to the main foliation, suggesting that deformation on the STFS took place at sillimanite facies conditions from at least circa 20.5 to 14 Ma.
The timing of E-W extension on the Yadong cross structure can be constrained by the 14 Ma leucogranite boudin collected in the Lingshi fault zone, which was deformed by, and thus predated, the Lingshi fault. We can infer from this that deformation on the Jomolhari fault system occurred after 14 Ma but still at metamorphic temperatures due to the presence of sillimanite in the granite as well as ductile fabrics and structures preserved in the fault zone.
Although it is not possible to constrain a maximum age for ductile activity on the JFS, the preponderance of available evidence suggests that the Lingshi fault initiated at just about the time that the STFS was experiencing its latest stages of ductile deformation. Synchronous slip on both fault systems must have continued after this time because they each preserve evidence for postmetamorphic, brittle deformation. Significant movement on the STFS was certainly postmetamorphic, first because it corresponds to a metamorphic discontinuity between high-grade GHS rocks in the footwall and low-grade, locally fossiliferous TSS rocks in the hanging wall [e.g., Cooper et al., 2012] , and second because the circa 21-14 Ma footwall leucogranites are truncated by the detachment. This is consistent with studies in the Masang Kang, Khula Kangri, and Wagye La regions [Edwards and Harrison, 1997; Kellett et al., 2009; Wu et al., 1998] , where detachments of the STFS were still active at circa 12.5-11 Ma, and where activity on some structures that may have a similar geodynamic significance to the Miocene STFS may continue today [Meyer et al., 2006; Wiesmayr et al., 2002] . These observations, along with abundant evidence for subsequent brittle, postmetamorphic and postintrusive fabrics and structures of the Jomolhari fault system [e.g., Wu et al., 1998 ], suggest that both low-angle,~E-W striking and high-angle,~NE-SW striking extensional structures in the Jomolhari area had protracted and overlapping deformation histories.
This synchronous history is consistent with mapping by Cooper et al. [2012] , who showed that the STFS in this area is not significantly offset across the YCS although it is thought to have accommodated some component of strike-slip motion since circa 13 Ma [e.g., Antolín et al., 2012; Drukpa et al., 2006; Kellett and Grujic, 2012] . Instead, the data here, together with the previous mapping, suggest a kinematic relationship between the STFS and the YCS in middle Miocene time that, based on documented activity on both structures, continues today. This is contrary to the suggestion by Edwards and Harrison [1997] that the YCS cut the STFS and therefore that slip on the STFS ceased prior to development of the YCS.
Conclusions
The Jomolhari region of NW Bhutan records evidence of synchronous N-S and E-W extension at the Tibetto-Himalaya transition in middle Miocene time. Geochronological data combined with microstructural and field observation of the South Tibetan fault system footwall demonstrate that (1) high-grade metamorphism and deformation related to South Tibetan fault system displacement continued until at least 14 Ma;
(2) E-W extension on the Jomolhari fault system initiated during this high-grade metamorphism, certainly by 14 Ma;
(3) brittle, postmetamorphic and postintrusive fabrics and structures in both fault systems imply that N-S and E-W extensional structures in the Jomolhari area had protracted and overlapping deformation histories; and (4) slip on the South Tibetan fault system did not cease prior to initiation of the Yadong cross structure.
